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Deuterium nuclear magnetic resonance
Liquid ordered phase
Domain area fractionThe differential miscibility of membrane lipids is thought to be the basis for the formation of dynamic
microdomain assemblies in cell membranes known as membrane rafts. Because of their relevance to the
existence of rafts, there has been much interest in recent years in model membrane systems that display
coexisting liquid ordered (lo) and liquid disordered phases (ld), such as the ternary mixture composed of 1,2-
dioleoyl-sn-glycero-3-phosphocholine (DOPC), 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) and
cholesterol. Carefully equilibrating the samples at well controlled temperatures allows us to use a
quantitative confocal ﬂuorescence microscopy approach to measure the area fractions of coexisting ﬂuid
phases in DOPC/DPPC/cholesterol mixtures. We can then compare the behaviour of a large population of
unilamellar vesicles with the domain fractions deduced from 2H NMR experiments. The ﬂuorescence results
are established for the ﬁrst time to be in quantitative agreement with those obtained using 2H NMR
spectroscopy within the two phase region of the phase diagram. We are also able to describe ﬁne details of
the phase separation and the approach to equilibrium not previously reported, in particular the existence of
small spots of lo phase at temperatures higher than that at which the samples display domain ﬂuctuations. A
better understanding of coexisting ﬂuid phases in model systems will assist in interpreting the behaviour of
rafts in more complex biological membranes.
© 2009 Elsevier B.V. All rights reserved.1. Introduction
In 1997, Simons and Ikonen ﬁrst proposed the existence in cell
membranes of dynamic assemblies known as membrane micro-
domains, or rafts [1]. These structures were proposed to be enriched
in cholesterol and sphingolipids, and display resistance to solubi-
lization by cold non-ionic detergents such as Triton X-100 [2]. The
differential miscibility of membrane lipids was proposed to be the
basis for the formation of raft microdomains [3], and it was noted
that their properties appeared to be remarkably similar to those of
the liquid ordered (lo) phase, which was previously described in
lipid bilayer model membranes containing cholesterol [4-7]. The
proposed coexistence of liquid ordered and liquid disordered (ld)
phases in cell membranes has fueled much interest in recent years
in studying lipid phase separations in model membranes, especially
ternary lipid systems composed of a high-melting and a low-
melting phospholipid together with cholesterol. The use of
biophysical approaches such as nuclear magnetic resonance).
ll rights reserved.(NMR) spectroscopy has resulted in the proposal of two partial
phase diagrams for the ternary mixture composed of 1,2-dioleoyl-
sn-glycero-3-phosphocholine (DOPC), 1,2-dipalmitoyl-sn-glycero-3-
phosphocholine (DPPC) and cholesterol [8,9].
Fluorescence microscopy was ﬁrst used to visualize the existence
of two coexisting ﬂuid phases several years ago [10,11]. Giant
unilamellar vesicles (GUVs) have proved to be a very useful tool in
studying such phase separations, since their large size allows single
vesicles to be observed using several different microscopic techni-
ques. The electroformation method produces a relatively uniform
population of single-bilayer vesicles within the 10–60 μm size range.
Various ﬂuorescence probes that have a preference for partitioning
into either the lo or ld phases can readily be incorporated into these
GUVs, and they have been used to provide visual information on
phase separations (for reviews, see [12,13]). When phase separation
leads to the formation of macroscopic domains visible by ﬂuorescence
microscopy it should be possible to compare quantitatively the
microscopic information derived from techniques such as NMR
spectroscopy with the macroscopic information obtained by imaging.
To date such correlations have been largely qualitative [14]. However,
Arriaga et al. [15] have also reported quantitative domain area
measurements using ﬂuorescence imaging of GUVs made of ternary
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determining phase boundaries from ﬂuorescence domain area
measurements in binary mixtures.
Recent phase diagrams for DOPC/DPPC/cholesterol mixtures have
proposed the existence of a line of critical compositions [9,24]. 2H
NMR line broadening and the ﬂuctuations in domain boundaries
observed by ﬂuorescence microscopy have been interpreted in terms
of critical ﬂuctuations occurring in the vicinity of this line of critical
points [8,17-19]. Further careful experimentation will be required to
determine the character of these ﬂuctuations, which have also been
observed in giant plasma membrane vesicles from living cells [20].
They may have general signiﬁcance for natural membrane systems,
which appear to operate close to an immiscibility phase boundary.
In this work, we have developed a quantitative confocal ﬂuores-
cence microscopy (CFM) approach which corrects for vesicle
geometry, and used it to measure the fraction of coexisting ﬂuid
phases in DOPC/DPPC/cholesterol mixtures. Using a large population
of GUVs with careful temperature equilibration, all the vesicles are
seen to display the same phase behaviour, and we can describe ﬁne
details of the phase separation and the approach to equilibrium not
previously reported. Results were obtained with both undeuterated
DPPC and chain perdeuterated DPPC-d62, to facilitate comparisonwith
2HNMR data. The ﬂuorescence results are established for the ﬁrst time
to be in quantitative agreement with those obtained using 2H NMR
spectroscopy within the two phase region of the phase diagram.
2. Materials and methods
2.1. Materials
DOPC, DPPC, and DPPC-d62 were obtained from Avanti Polar Lipids
(Alabaster, AL). Cholesterol was purchased from Sigma-Aldrich (St.
Louis, MO) and Texas Red–1,2-dipalmitoyl-sn-glycero-3-phos-
phoethanolamine (TR-DPPE) was from Invitrogen (Carlsbad, CA). All
reagents were used without further puriﬁcation.
2.2. Sample preparation
GUVs were prepared by electroformation in an imaging chamber
described below, using a method ﬁrst developed by Angelova and
Dimitrov [21,22] and modiﬁed by Bagatolli and Gratton [23]. Lipid
stock solutions were prepared either in ethanol or chloroform/
methanol 2:1 (v/v) at a concentration of 0.27 mg/mL. Appropriate
volumes of the three stock solutions were added by pipette to form
the mixed solutions. The uncertainty in each component was less
than 10% of the nominal value. The labelling of the sample was
carried out by pre-mixing the desired ﬂuorescent probe with the
lipids in organic solvent. The total concentration of label used was
0.1±0.01 mol% in order to minimize perturbation of the phase
behaviour [8]. Drops of ∼2 μL of the mixed solution were deposited
on the wire under a stream of N2 gas, taking care to avoid the drops
sliding on the Pt wires. In order to remove the organic solvent, the
Pt wires were placed in a vacuum for ∼2 h in the case of ethanol, or
∼1 h for chloroform/methanol. One side of the chamber was then
sealed with a coverslip using a small amount of silicone grease.
High purity water (Millipore SuperQ), heated to ∼60 °C, was added
to the chamber until it covered the Pt wires, and then the other side
of the chamber was sealed with a second coverslip. The chamber
was placed in an oven (Isotemp 500 series) and the Pt wires were
connected to a function generator (HP 3310A or BK Precision
4011A). A sinusoidal wave function with amplitude of 3 V and a
frequency of 10 Hz was applied for about 90 min, after which the
electric ﬁeld was turned off and the chamber was placed on the
microscope stage. The sample was left to equilibrate at 42 °C for
about 10 min before proceeding with the temperature-dependence
experiments. The average diameter of the GUVs was about 25 μm,and the vesicles were truly unilamellar as judged by the ﬂuorescent
intensities of their equatorial sections.
2.3. Confocal ﬂuorescence microscopy
A custom-made chamber was used for growing and imaging GUVs.
A Teﬂon ring with an outer diameter of 25 mm was used as a support
for a pair of Pt wires (Warner Instruments, Hamden, CT or Omega
Engineering, Stamford, CT). The Teﬂon ring was sealed using 25 mm
diameter round #1.5 glass coverslips (Warner Instruments), thus
forming an enclosed sample imaging chamber. A heated platform
(PH-2, Warner Instruments) was used to enclose the sealed Teﬂon
ring. Another similar chamber was used as a water jacket for cooling
the sample below ambient temperature. A Teﬂon ring having the
same dimensions as the one used for the sample compartment was
sealed with two glass coverslips on each side using a silicone rubber
sealant. The Teﬂon ring contains an inlet and an outlet port, making it
possible to circulate water inside the chamber. Polyethylene tubing
(1.59 mm outer diameter×1.18 mm inner diameter, Warner Instru-
ments) was used to connect the chamber to a water bath (Isotemp
3016, Fisher Scientiﬁc), and the water jacket was placed under the
imaging chamber. Thus, using a temperature controller and a water
jacket the temperature of the sample could be controlled between
∼11 and 50 °C with an accuracy of ∼0.1 °C. The temperature was
varied by successively decreasing the temperature, typically in 2 °C
decrements. When the set-point temperature is decreased the initial
cooling rate is between 1 and 2 °C per min, but as the temperature
approaches the set point this rate slows.
All images were acquired on a commercial CLSM-U, an upright
Leica DM RE microscope connected to a Leica TCS SP2 system with
three different visible light lasers (Leica, Heidelberg, Germany). The
green HeNe (1.2 mW) laser with 543 nm wavelength was used for
excitation of the TR-DPPE ﬂuorescent probe, and a 20× air objective
(not touching the sample), with numerical aperture (NA) of 0.5, was
used for imaging the sample. Occasionally the 40× water immersion
objective, NA 0.8, was used to image the sample. The confocal pinhole
settings were in the range of 1 Airy and 2 Airy, 1 Airy being the default
value used for a given objective. The intensity of the lasers was kept at
∼50%. All the images were routinely checked for under- and
overexposure using the QLut function in the Leica confocal software.
We usually used a 1024×1024 pixel resolutionwith either a 400 Hz or
800 Hz scan speed, and a line average of typically 2 or 4, occasionally
8 or 16. The zoom factor is speciﬁed in the captions for images used in
domain area fraction calculations. Using these technical details one
can calculate the pixel size in all of the images.
2.4. Area fraction determination
In order to obtain a reproducible measure of the relative area
fractions occupied by the two types of domains in the ld–lo two phase
region it is necessary to wait for the domains to reach their
equilibrium distribution. Although it is generally difﬁcult to detect
coexisting domains at temperatures and compositions which are very
close to the upper (higher temperature) surface of the two phase
coexistence region because of the rapid molecular movement
occurring there, once the sample is a few degrees below this surface
the domains rapidly coalesce and within a few minutes have reached
their equilibrium distribution. Within the two phase region, by
leaving the sample at constant temperature long enough to allow the
domains to equilibrate (between 5 and 10 min), the domains become
relatively stationary and it is possible to acquire images of the top half
of the vesicle (opening up the confocal pinhole to amaximumof twice
of its default value), an equatorial section and the bottom half of the
vesicle in three consecutive scans by changing the focal plane in the z
direction. This was accomplished either manually or automatically.
Image analysis for area fraction determination was done using Leica
Table 1
Comparison of lo fractions determined by CFM and 2H NMR.
T (°C) 32:48:20 mol% 35:35:30 mol%
αlo (%) Afo (%) αlo (%) Afo (%)
NMR CFMa NMR CFMa
28 33±4 46±6 58±8 56±1
26 42±2 46±4 61±6 56±2
24 42±1 52±7 63±4 59±2
a Temperatures used for CFM are approximately 4 °C higher to match 2H NMR.
Uncertainties in Afo are standard deviations from the mean for 5–10 GUVs.
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simple overlay of the top half and bottom half images are presented in
Figs. 7 and 8d–k (see below). Domain area fraction measurementsFig. 1. Detecting the onset of the phase transition by CFM in GUVs of 32:48:20 mol% DOPC/DP
increasing T back to 35.9 °C, (e) decreasing T again and equilibrating for 5 min at 35.5 °C,
35.6 °C). The transition temperature for this sample is at about 35.5 °C, as can be seen from (
intensity ﬂuctuations on the surface of GUVs. All images shown have a resolution of 1024×10
line average of 2 was used in (a) and (d–f), while a line average of 4 was used in (b) and (presented in Table 1 were performed from three sequential z-scans as
described above. Occasionally more than three z-scans were acquired
for a given GUV, such as that presented in Fig. 8a and b, shown below.
In these cases the z step size was slightly larger than that required to
satisfy the Nyquist criterion. When projecting the 2D image stacks to
obtain a 3D proﬁle of a GUV, an average intensity projection was
selected in the Leica confocal software. No other deconvolution was
performed when reconstructing the images.
3. Results and discussion
3.1. Approaching the two phase region
In GUVs of ternary mixtures composed of a low-melting
temperature lipid, such as DOPC, a high-melting temperature lipid,PC/cholesterol at (a) 36.5 °C, (b) decreasing T to 35.7 °C, (c) decreasing T to 35.5 °C, (d)
and (f) after equilibrating for another 5 min (temperature drifted upwards slightly to
c) and (f) which show inhomogeneous ﬂuorescence. The arrows in (b) identify signs of
24 pixels andwere takenwith a scan rate of 400 Hz. The pinhole size was 2.09 Airy and a
c).
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readily observable by ﬂuorescence microscopy over a broad range of
sample compositions and temperatures [10,12,24]. In the following
we describe our results on a number of different sample compositions
but will focus on two particular compositions, those with molar
proportions 32:48:20 and 35:35:30 of DOPC/DPPC/cholesterol. We
begin with a description of our results on the 32:48:20 mol% sample,
ﬂuorescently labelled by inclusion of 0.1 mol% TR-DPPE, which
preferentially partitions into the ld phase domains.
At high temperatures, i.e., well above the region of two phase
coexistence, the samples show uniform ﬂuorescence intensity as the
entire sample is in the ﬂuid ld phase. While slowly decreasing the
temperature we carefully monitored signs of change in the ﬂuores-
cence signal by acquiring two or three images before the temper-
ature equilibration. As the temperature approaches the boundaryFig. 2. Detecting intensity ﬂuctuations by CFM in GUVs of 32:48:20 mol% DOPC/DPPC/choles
rate of 400 Hz using a pinhole size of either 2 Airy (a–d), or 1 Airy (e and f). A line average
comparing the images in (a) and (b) with those in (e) and (f), it should be noted that for th
latter the narrower aperture provides a sharper image of the vesicle surface.between the homogeneous ld phase and the inhomogeneous ld–lo
two phase region, the molecules begin to rearrange themselves on
the surface of the GUVs and we start to observe ﬂuctuations in
the ﬂuorescence intensity distribution. These molecular rearrange-
ments correspond to the exchange of DOPC, DPPC and cholesterol
molecules (and the ﬂuorescent probe molecules) between regions,
or domains, having different molar compositions, or to ﬂuctua-
tions in sample composition resulting in variations in domain size
and shape. At temperatures where this process just begins the
domains were previously considered to be too small or too short-
lived to be imaged directly, but the effect of the rapid molecular
exchange shows up as ﬂuctuations in the ﬂuorescence intensity
distribution. As discussed below, we observe small dark spots at
temperatures higher than those where we can detect the appear-
ance of ﬂuctuations.terol at 35.6 °C. All images have a resolution of 512×512 pixels and were taken at a scan
of 1 was used in (a) and (b) while a line average of 2 was used for the other images. In
e former the aperture was opened wider to allow more light intensity, whereas for the
Fig. 3.Overall phase separation and domain equilibration in GUVs of 32:48:20 DOPC/DPPC/cholesterol following a step-wise decrease in the set-point temperature from 34.6 to
32.9 °C. (a) The overall view of phase separation at 34.6 °C is apparent since most vesicles show stable, well formed domains. At t=0 the temperature is reduced from 34.6 to
32.9 °C. (b–e) Time course of the domain coalescence as the sample gradually cools following the temperature jump. Times and temperatures following the temperature jump
are shown in each ﬁgure. All images shown have a resolution of 1024×1024 pixels and were taken at a scan rate of 400 Hz. The confocal pinhole size used was 1 Airy. The line
averages of 2 was used.
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temperatures where the 32:48:20 mol% sample ﬁrst approaches this
ﬂuctuation region and then phase separates into stable coexisting ld–
lo phases. At 36.5 °C (Fig. 1a) the ﬂuorescence intensity is largely
homogeneously distributed over the sample, with only a few small
dark spots of lo phase visible on some of the vesicles. When the
temperature is lowered slightly by 0.8 °C (Fig. 1b), we begin to see
ﬂuctuations in ﬂuorescence intensity over the surface of most of the
vesicles in the sample. The temperature where we ﬁrst detect this
instability in the ﬂuorescence intensity distribution deﬁnes Tmix, the
miscibility temperature.
At 35.5 °C (Fig. 1c), large domains start to form as the lo phase
proportion increases. To check the reversibility of Tmix, we raised the
temperature again to 35.9 °C. As shown in Fig. 1d, the ﬂuorescence
intensity is once again homogeneous. Lowering the temperature back
to 35.5 °C (Fig. 1e) and waiting for 5 min, we ﬁnd that the phase
separation is even more pronounced. After another 5 min the
temperature has drifted up to 35.6 °C (Fig. 1f), but we see that the
domain boundaries are still ﬂuctuating and the lo domains are still not
circular in shape, as would be expected under equilibrium conditions
far from the phase boundary.
3.2. Passing through the two phase boundary
Holding the temperature of the 32:48:20 mol% sample constant at
35.6 °C, we show in Fig. 2 a representative set of individual vesicles all
showing domain ﬂuctuations, as indicated by the fact that the
domains are not circular in shape. Similar behaviour has been
reported by Veatch et al. and others [8,12,17-19,25] who describe
them as critical ﬂuctuations because of their occurrence in proximity
to the proposed line of critical compositions [8,9]. The images in the
left panels of Fig. 2 (a, c and e) are of the upper surface of the vesicles
while the right panels (b, d and f) are of the lower surface (the
equatorial sections are not shown). Clearly the size of the domains at
this temperature ﬂuctuates greatly and the domains do not appear tocoalesce even after waiting as long as 25 min, the period over which
these images were taken.
As we lower the temperature further, using a temperature step
starting from 35.6 °C at time t=0, by the time the sample has cooled
to 34.6 °C (1 min after decreasing the set-point temperature to
32.9 °C), we see in Fig. 3 that all of the hundreds of vesicles in the
sample have undergone phase separation. In Fig. 3a, at 35.6 °C, all of
the “dark” domains, i.e., those areas of the vesicle where ﬂuorescent
label is excluded, are lo phase domains and are circular in shape. As
the temperature decreases from 34.6 to 32.9 °C, the dark domains
increase in size and begin to coalesce as shown by the series of images
shown in Fig. 3b–e. Close inspection of the images reveals that the
vesicles are unilamellar and that the lo, or dark domains, do not show
two different levels of ﬂuorescence intensity, indicating that both
leaﬂets are in the lo phase (i.e., the domains are in registry across the
bilayer). Eventually a typical vesicle reaches an equilibrium state and
contains only two large domains, one lo, the dark domain, the other ld.
Even after reaching their limiting size the domains continue to move
slowly over the surface of the vesicle and/or the vesicles are
reorienting.
For a more direct comparison of the ﬂuorescence results with our
previous 2H NMR results [9], we prepared two samples using chain
perdeuterated DPPC-d62; the ﬁrst had molar proportions of 32:48:20
DOPC/DPPC-d62/cholesterol while the second had molar proportions
of 35:35:30. These samples were also labelled by the inclusion of 0.1
mol% TR-DPPE. A DPPC-d62/excess water mixture has a chain melting
transition at 37.75 °C whereas unlabelled DPPC/water has its chain
melting transition at 41.2 °C [6,26,27]. This 3.5 °C shift needs to be
taken into account when comparing data obtained with either
labelled or unlabelled samples. Since DPPC is only one of the
components of our ternary system, the effect of perdeuteration on
the phase boundaries observed will be most signiﬁcant for higher
concentrations of DPPC.
Fig. 4 shows images of vesicles formed from a sample with
molar proportions of 32:48:20 prepared using deuterated DPPC-d62.
Fig. 4. Fluorescence images of GUVs of the 32:48:20 mol% DOPC/DPPC-d62/cholesterol sample at (a) 35.7 °C; (b) 34.7 °C (arrows indicate areas where small domains have formed);
(c) 33.3 °C, taken 1 min and (d) 5 min after the set-point temperature decreased from 34.7 to 33.3 °C; (e) 32 °C; and (f) 30.9 °C, where large domains have coalesced. All images
shown have a resolution of 1024×1024 pixels and were taken with an 800 Hz scan rate. The pinhole size used was 1.4 Airy for (a–e) and 1.0 Airy for (f). The line averages used were
as follows: (a) 4, (b) 16, (c) 8, (d) 8, (e) 2, and (f) 4.
2546 J. Juhasz et al. / Biochimica et Biophysica Acta 1788 (2009) 2541–2552At 35.7 °C (Fig. 4a), there are no visible signs of phase separation
(this temperature would correspond to a temperature 2–4 °C higher
when using undeuterated DPPC, so it is above the temperature
where signs of phase separation were observed for the undeuterated
sample with the same molar proportions, Fig. 1a–d). At 34.7 °C,
small dark spots of lo phase are visible in many of the vesicles. Some
of these are indicated by the arrows in Fig. 4b. These small dark
spots are also observed at corresponding temperatures (i.e., 2–4 °C
higher) in the undeuterated samples. Within 1 min of lowering the
set-point temperature to 33.3 °C (Fig. 4c), the number of dark
domains has dramatically increased and they are much more easily
visible in the image. Equilibrating at this temperature for 5 min
allows the dark domains to increase in size (equilibration for only
1 min, as has been common practice, is insufﬁcient to reach
equilibrium). As seen in the ﬁgure many of the dark domains have
an irregular shape, although they seem to ﬂuctuate less than those of
undeuterated membranes at corresponding temperatures and
compositions. After lowering the temperature by ∼2 °C the domains
have again increased in size (Fig. 4e), and by 30.9 °C (Fig. 4f), the
domains have coalesced and reached their equilibrium distribution.
This should be compared with the corresponding image of the
undeuterated GUVs at 32.9 °C in Fig. 3e. The onset of phase
separation in the sample made with chain perdeuterated DPPC-d62
occurs roughly 3–4 °C lower than that for the same molar
proportions using undeuterated DPPC, as expected. The weaker
ﬂuctuations at temperatures above that where large domains are
ﬁrst detected in this deuterated sample may be a result of the
extreme sensitivity of these ﬂuctuations to differences in composi-
tion and temperature. It should be noted that at this composition
there is observable line broadening in the 2H NMR spectra over onlya very narrow temperature range (between 33 and 31 °C) as the
temperature is lowered through the phase boundary between the ld
phase and the two phase ld–lo coexistence region [9].
The chain perdeuterated DPPC-d62 sample with molar proportions
of 35:35:30 enters the two phase region at a lower temperature than
the 32:48:20 sample because of its higher DOPC and cholesterol
concentrations. For this deuterated 35:35:30 sample, we ﬁrst detect
the appearance of small domains at 32.2 °C (compared to 34.7 °C for
the deuterated 32:48:20mol% sample). As the temperature is lowered
further the domains increase in size and eventually, by 23.5 °C, the
domains have coalesced and reached their equilibrium distribution
(compared to 30.9 °C for the 32:48:20 mol% sample).
For comparison, Fig. 5 shows vesicles from an undeuterated
sample with proportions of 35:35:30. At 37.4 °C (Fig. 5a) the
ﬂuorescence intensity is homogeneous and there is no sign of
impending phase separation. Lowering the temperature to 35.4 °C
we begin to see small dark spots of lo phase on some of the vesicles,
as indicated by the small arrows in Fig. 5b. By 32.5 °C (Fig. 5c),
nearly all the vesicles display at least one spot. Lowering the
temperature further, we observe strong ﬂuctuations in the domain
shape at 31.7 °C (Fig. 5d), and by 31 °C all of the vesicles have large
lo (dark) domains (Fig. 5e). By 30.2 °C the domains begin to
coalesce and stabilize (Fig. 5f).
While there is enough motion in the deuterated samples to
prevent the coalescence of the small domains at higher temperatures,
we did not observe domain ﬂuctuations as strong as those seen with
the undeuterated samples for either composition (32:48:20 or
35:35:30). For the 35:35:30 sample composition, Davis et al. [9]
observed signiﬁcant line broadening in 2H NMR spectra over a broad
temperature range (from 35 to 26 °C) whereas for the 32:48:20
Fig. 5. Fluorescence images of GUVs of the 35:35:30 mol% DOPC/DPPC/cholesterol sample at (a) 37.4 °C, (b) 35.4 °C, (c) 32.5 °C, (d) 31.7 °C, (e) 31.0 °C, and (f) 30.2 °C. All images
shown have a resolution of 1024×1024 pixels and were taken at a scan rate of 800 Hz. The confocal pinhole size used was 2.05 Airy for (a) to (e), and 1.31 Airy for (f). The line
averages used were as follows: (a and f) 16, (b, c, and e) 8, and (d) 4. At 30.2 °C GUVs contain a larger fraction of lo phase than ld phase.
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31 °C. Some of the differences between samples made with chain
perdeuterated DPPC and undeuterated DPPC may be due to subtle
differences in the phase behaviour, which may include a slightly
different line of critical points. There is also the possibility of some
small variability in composition among the populations of vesicles
chosen. Fig. 3a, for example, shows that most of the hundreds of
vesicles in a typical preparation exist in more or less the same state of
phase separation yet there may be small quantitative differences
among the vesicles. Nevertheless, as we shall see below, the
quantitative analysis of the phase separation, in terms of domain
area fractions, is in agreement with the results obtained by 2H NMR of
samples with the same composition.
3.3. Determination of domain area fractions
As described above, when the temperature is lowered and the
sample approaches the ld–lo two phase coexistence region we mayﬁrst see small dark spots followed by strong ﬂuctuations in
ﬂuorescence intensity. Eventually sizeable dark domains of lo phase
form which, at higher temperature, diffuse readily over the surface of
the vesicles. As the temperature is lowered further, the small domains
coalesce and stabilize, forming large circular patches on the vesicle
surface. At this point it becomes possible to measure accurately the
relative surface areas of the light and dark domains. In interpreting
the area fractions measured in this way it is important to keep in mind
that, at present, one cannot exclude the possibility that some of the
“dark” area may include solid ordered, so, or gel phase domains at
lower temperatures. In these ternary mixtures, TR-DPPE partitions
into the ld phase leaving the rest of the vesicle dark. We know of no
ﬂuorescence probe that preferentially partitions into the so phase in
ternary mixtures of lipids and cholesterol, so we cannot separately
identify those domains when they occur together with lo domains. de
Almeida et al. [28] do, however, report seeing three distinct phases for
one particular vesicle using ﬂuorescence lifetime imagingmicroscopy.
It is precisely for this reason that we focus on temperatures and
Fig. 6. Determination of domain area fractions. OA and OC distances are the radius of
the vesicle, and distance AD is the long axis of the ellipse. This ellipse is the two
dimensional projection of the base of the dark domain which cuts the sphere at
points A and D.
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two phase coexistence region and there is no gel phase.
In the following we assume that the vesicles are spherical in shape
and that the boundary between domains is circular. Fig. 6 illustrates
the procedure used to calculate the relative area fractions. In this
diagram, there is a dark domain on the right side of the sphere. The
base of this domain has a circular shape which appears as an ellipse in
this two dimensional projection of the three dimensional sphere. A
radius line OC , whose length is R, is constructed perpendicular to the
base of the domain through the centre of the spherical vesicle. The
semi-major axis of the ellipse is the line segment BA and the line
segment OA is another vesicle radius so it has the same length R as OC .
From simple geometry, we know that
BC = R −
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
R2 − ABð Þ2
q
where BC is deﬁned as the length of line segment BC , and AB is the
length of line segment AB, etc. We then can calculate the area, Sdark, of
the dark domain
Sdark = 2π · R · BC
= 2π · R · R −
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
R2 − ABð Þ2
q  ð1Þ
Thus, to determine the area of this domain we need only the radius of
the vesicle, R, and the semi-major axis of the ellipse formed by the
projection of the base of the domain onto the viewing plane. The area
fraction is then simply the ratio of this area to the total surface area of
the vesicle, Svesicle=4πR2. If more than one such domain is present on
a single vesicle, the calculation is repeated for each domain and the
areas are added to give the total dark area fraction.
The three sequential images of one GUV (taken at different z
coordinates as described above) provide the information needed to
calculate the area fractions. Using the equatorial plane image we
obtain the radius of the vesicle. The other two (upper and lower)
images allow us to ﬁt the base of the domains to an ellipse so that we
can obtain the semi-major axis. Fig. 7 shows several examples of the
domain area determination.
The vesicle at the centre of Fig. 7a and b has a diameter of 29.9 μm.
The major axis of the larger ellipse shown in Fig. 7b has a length of
29.5 μm and that of the smaller ellipse is 10.4 μm. These values give abright domain, ld, area of Sld=1273 μm2 while the total surface area
of the vesicle is Svesicle=2799 μm2. The domain area fractions are, for
the liquid disordered or ld phase, Afd=45.5% and, for the liquid
ordered or lo phase, Afo=54.5%. This vesicle contains slightly more lo
than ld phase, as could be seen qualitatively by inspection. The square
which encloses the GUV in this ﬁgure is drawn to aid in judging which
of the two domains is to be quantiﬁed. For this GUV the major axis of
the ellipse lies below the half line of the circle where the ld domain is
situated. Therefore, the major axis of the ellipse quantiﬁes the bright
or ld domain surface area (notice that there is a second, smaller ld
domain near the top of the vesicle).
Fig. 7c and d provides another illustration at a lower temperature,
19.8 °C, where the lo phase is even larger. For this comparably sized
GUV with diameter of 31.0 μm, we obtain Afo=60.9%. Finally, Fig. 7e
and f, taken at 14.9 °C, shows a vesicle with just one large dark domain
which has an area fraction of Afo=64.1%.
3.4. Comparison with 2H NMR results
In comparing the quantitative analysis of CFM and 2H NMR
results it must be kept in mind that in our ﬂuorescence images we
can only determine the temperatures at which the ﬂuorescence
label partitions into distinguishable phases and, at temperatures for
which the domains become stable, the relative areas of dark (lo or
so) and bright (ld) fractions. These ﬂuorescence images alone
contain no information on domain compositions or on the
orientations or lengths of tie-lines which may connect them in
different samples. If the phase boundaries were known then it
might be possible to estimate ranges of tie-line end point
compositions (and hence ranges of lengths and orientations of the
tie-lines) which are consistent with the area fractions determined
by CFM, but CFM images by themselves cannot provide all of the
information required for ternary systems. Nonetheless, it may be
possible to use other characteristics of the ﬂuorescence signal, such
as the lifetime or the polarization which may be sensitive to domain
composition, to deduce the orientation of tie-lines. The phase
diagrams obtained from 2H NMR studies [9,24] provide the locations
of phase boundaries which can be used to predict, for a given
sample composition within a two phase region, what the partition-
ing between the two phases should be. These predictions are
compared to the relative area measurements obtained from our
ﬂuorescence studies below.
Fig. 8 compares the CFM images of GUVs from four different
sample compositions with 2H NMR spectra obtained from multi-
lamellar dispersions having the same nominal compositions,
although they are made using chain perdeuterated DPPC-d62.
Since DPPC-d62 undergoes its chain melting transition at a
temperature roughly 3.5 °C lower than that of undeuterated DPPC,
we compare the GUVs (made with undeuterated DPPC) at roughly
3–4 °C higher in temperature than the corresponding 2H sample
spectra. Thus, Fig. 8a and b shows a three dimensional represen-
tation using 13 images taken at differing values of z, the vertical
coordinate, with a step size of 1.4 μm (see Materials and methods
for a description of the procedure) of the image of a GUV of DOPC/
DPPC/cholesterol composition of 48:32:20 mol% at 21.1 °C with the
2H spectrum of a DOPC/DPPC-d62/cholesterol sample with the same
molar proportions at a temperature of 18 °C (the closest
temperature available for comparison). Analysis of the domain
areas (Fig. 8b) results in an estimate of the lo area fraction of 26.2%.
Also shown in the ﬁgure are images of samples with compositions
of 42:28:30, 32:48:20 and 35:35:30 mol%, along with 2H NMR
spectra of samples having the same compositions but at tempera-
tures roughly 3–4 °C lower. In each case we see clear two phase
coexistence with both techniques.
The 2H NMR spectra show two phase coexistence with com-
ponent spectra apparently having proportions comparable to the
Fig. 7. Examples of domain area quantiﬁcation using confocal slices. Images are of GUVs of the sample with DOPC/DPPC/cholesterol proportions of 32:48:20 mol% at different
temperatures: (a and b) 33 °C, (c and d) 19.8 °C, and (e and f) 14.9 °C. The images on the right are duplicates of those on the left but explicitly showing the outlines of the ﬁtted circle
(vesicle), and ellipses (bases of domains). All images were takenwith a resolution of 512×512 pixels at a scan rate of 400 Hz. The confocal pinhole size was 1.88 Airy for (a), 1.72 Airy
in (c), and 1.59 Airy in (e). The line averages used were (a and c) 2 and (e) 4. The zoom factors used were 15.46 for (a), 11.74 for (c) and 11.80 for (e).
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relative amounts of lo and ld phases from the 2H NMR spectra
requires knowledge of the compositions of the two phases, since the
2H NMR spectrum only reports on the partitioning of DPPC-d62
between the phases. Using the lever rule, Davis et al. [9] deﬁne the
ﬂuid fraction for a sample with DPPC-d62 concentration yA at a
temperature T as
αA Tð Þ =
ylo Tð Þ− yA
ylo Tð Þ− yld Tð Þ
This corresponds closely to the bright area fractions deﬁned here,
neglecting the slightly different molecular packing within the two
phases.For comparison with the NMR data we need the fraction of
DPPC-d62 in the ld phase, for sample A at temperature T, which can
be obtained from the ﬂuid fraction above using the relation
fA Tð Þ =
yld Tð Þ
yA
· αA Tð Þ
where the dependence on temperature of each quantity involved is
explicitly displayed. Since fA(T) depends on both yld(T) and αA(T),
and since both of these quantities depend on temperature, we cannot
directly compare fA(T) and αA(T) without knowing how the
composition of the tie-line end points changes with temperature
(yld(T)). In other words, we need to know the location of the phase
boundaries and for this we need the phase diagram [9].
Fig. 8. Comparison of the lo domain area fractions from ﬂuorescence with the total DPPC-d62 fractions from 2H NMR. Fluorescence images are of samples of DOPC/DPPC/cholesterol
and 2H NMR spectra are of DOPC/DPPC-d62/cholesterol in molar proportions: (a–c) 32:48:20, (d–f) 42:28:30, (g–i) 32:48:20, and (j–l) 35:35:30. The image in (a) is a 3D
representation made using 13 images taken at differing values of z, using a step size of 1.4 μm. The blue squares mark the centre of the GUV, to assist in deciding which one of the
two domains is to be quantiﬁed. lo domain area fractions, Afo, are indicated on the ﬁgures. At the selected temperatures and composition no gel phase is present. Images were taken
with a resolution of 512×512 in (g) and 1024×1024 for the other images at a scan rate of 800 Hz for (a) and 400 Hz for the other images. The confocal pinhole size was 1 Airy in (a),
2.37 Airy in (d), 1.54 Airy in (g), and 1.59 Airy in (j). The line averages were (a) 1 and (d, g, and j) 2. The zoom factors usedwere 7.80 for (a), 8.94 for (d), 12.12 for (g), and 7.89 for (j).
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and 24 °C. These diagrams are similar to those presented by Davis et
al. [9] but are at different temperatures. The method of determining
the phase boundaries and tie-line orientations is described in thatpublication. Here we are interested only in using these results to
estimate the ld and lo fractions for comparison with the CFM results.
The sample compositions used in Fig. 8 are shown as magenta circles
in Fig. 9. The tie-lines passing through these sample compositions can
Fig. 9. Isothermal planes of DOPC/DPPC-d62/cholesterol at (a) 26 °C and (b) 24 °C. Tie-
lines in the lo–ld two phase coexistence region are shown in green. Magenta circles
represent sample compositions selected for analysis. The different one, two, and three
phase regions are labelled in the ﬁgure. The compositions of end points for the ld–lo
coexistence region which were determined from 2H NMR spectral subtractions at each
temperature are shown as triangles. Solid triangles are from freeze-thawed samples
and open triangles from non freeze-thawed samples. Left- and downward-pointing
triangles give the lo phase end points while right- and upward-pointing triangles give
the ld phase end points. The blue circles give the compositions where individual
samples crossed phase boundaries as detected by 2H NMR spectroscopy. The estimates
for the error bars are discussed by Davis et al. [9]. The red star shows the estimated
position of the critical composition at each temperature indicated.
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fractions. The relative amount of each phase at any given sample
composition A within the lo–ld two phase coexistence region can be
calculated according to the lever rule simply by measuring the length
of the line segments on the tie-line connecting that sample
composition to the end points at the phase boundaries. The ratio of
the length of the line segment between the sample composition A and
the ld phase end point to the total length of the tie-line (running from
the ld phase end point to the lo phase end point) gives the ﬂuid
fraction αA, which will be different at each temperature since the
phase boundaries change with temperature. The lo fraction for this
sample composition is just Afo=1-αA(T). The values of the lo fractions
obtained for the adjusted temperatures for which we have both CFM
and 2H NMR data well within the two phase ld–lo coexistence region
are given in Table 1. These values are averages over from 5–10
separate vesicles in each case, and the uncertainties are the standard
deviations of these measurements at each temperature. Good
agreement was found between the area fractions determined from
the two different experimental methods for this particular case of
DOPC/DPPC/cholesterol mixtures.
4. Conclusions
A more precise understanding of coexisting lo and ld phases in
lipid bilayer model systems is needed to interpret the behaviour ofrafts found in more complex cell membranes. To date, attempts to
correlate visualization of coexisting ﬂuid domains by CFM with the
molecular information obtained from NMR spectroscopy have been
only qualitative. In this work, we studied a large population of
GUVs, all of which displayed the same phase behaviour, and report
for the ﬁrst time a method for accurate quantitation of the domain
areas. In order to compare results obtained from the two different
techniques and to interpret them correctly, it is important that the
experimental measurements are made in a compatible fashion; in
particular, conditions must be as close to equilibrium as possible. In
the case of ﬂuorescence imaging of GUVs in the two phase
coexistence region, this means using a low concentration of
ﬂuorescence probe and holding the temperature constant at an
accurately deﬁned value long enough for the domains to reach their
equilibrium conﬁguration; this often consists of only two large
domains, one for each of the lo and ld phases. We have found that
this process takes about 5 min, and the domain distribution after
that time typically remains constant for at least another 20–25 min.
Our Figs. 3 and 4 clearly show that estimating area fractions after
holding the sample for as short as 1 min at a given temperature, as
reported previously [14], is unlikely to provide an accurate measure
of the equilibrium state.
Using careful equilibration and accurate temperature control, it is
also possible to discern ﬁne details of the phase separation, and we
report the existence of small spots of lo phase at temperatures several
degrees higher than Tmix, at which large ﬂuctuations in the
ﬂuorescence intensity distribution are ﬁrst observed by CFM. At
temperatures well within the two phase coexistence region, quanti-
tation of domain area fractions obtained by CFM provides results that
are in agreement with the phase diagram previously determined by
2H NMR [9]. It is important to establish that this is indeed the case,
since these two different experimental approaches (one macroscopic,
the other microscopic) are both in common use to study phase
separations, and are often employed independently. The 2H NMR
spectra seem to show evidence (line broadening) of the approaching
phase separation at higher temperatures than are reported by
ﬂuorescence studies. However, the appearance of the small dark
spots of lo phase correlates well with the ﬁrst indications of line
broadening, even though it is only at lower temperatures that one
sees strong ﬂuctuations in ﬂuorescence. We are currently examining
the 2H NMR line broadening more closely, using samples made with
lipid speciﬁcally deuterated at a single chain position, in order to more
fully understand the nature of the ﬂuctuations that occur on passing
through the phase boundary.Acknowledgements
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